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NATIONAL ADVISORY COMMITTEE-¥OR AERONAUTICS

TECENICAL NOTE NO, 643

A STUDY OF FLYING-BOAT TAKE-~OFF

By Walter. S. Diehl
SUMMARY

It is shown that the normal resistance curve for a.
flying boat may be approximated by two straight 11nes.
The equations for take-off distance and time, derived ‘from
this anproximation, are applied to a series of flying
boats and the resulting factods are plotited in nondimen-
gsional form in a series of charts. Take-off performancés
from the charts are shown to be in good agreement with
step-by~step integrations. Some applications of the
charts to the = lution of general design problems ars in—
cluded. *

INTRODUCTION
The calculation of take~off run and time for a flying

boat is not especially difficult dbut it is a tedious vroc-—
ess, The usual method is to calculate thrust and total

resistance curves against speed and take the difference as =

net accelerating force from which the instantansous accel-
eration ig known. The relations between velocity, accsl-
eration, space, and time enable curves to be so drawn thet
the aren enclosed between desired limits is proportional
to distance or time. Detaills of the method are given in
references 1 and 2.

Owing to the nature of these calculations most engi-
neers avoid the drudgery of repeating tho process any more
than 1s absolutely necessary. Consoguently, the gene®al
knowledge concerning the relative importance of the active
variablos ig very limited, and it would probably remain so
for an Iindefinite period were it not possibdle to obtain a
satisfactory approximation that is avelladle for a systens

atic study of flying-boat take~off, This note is concéerned

with the development of approximation formulas, their ap-

Plication to a systematic series of fictitious flying boats,
and the conclusions that may be drawn from a study of these

results,
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APPROXIMATE EQUATIONS FOR TAKE-OFF RUN AND TIME

Typical curves of resistance and 'thrust, taken from
figure 13&}of reference 2, are given &n figure 1, In gen~
eral, the registance curve may be approximated Dby two
straight lines intersecting at hump speed, as shown by the
broken lines on figure 1. The take-~off may therefore be
investigated in two stages: +the first represénted by the
distniace and time required to attain hump speed with a
linear variation in thrust and resistance, and the second
stage representing the dilstance and time to accelerats
from hump speed to take-off, with.a linear variation in
accelerating force that differs from that acting during
the firgt stage. It is a matter of convenience to reduce
the forces to unit forces (by dividing by the gross weight)
and the speed to a speed ratio (by dividing by take~off
gpeed Vg€~ This gives the simplified force diagram shown

sn figure 2. '

The linear variation of thrust with speed shown on
figure 2 may be repregented by the equation

; ] ; >
v oW (? g (1)

where T 1s the thrust at any speed V.
To, the static thrust
Vg, the take-off or get—awéy gpeed '
v, the grcss.weighf'
k,, a constant determined By the relation
ky, = (Tq - Tp)/To
TF’ the thrust at- V = VG }

Below hump speed the resistance increases linearly
with spesd, or '

Ry v . e
Tow () &

R |
If =2 is the resistwmoe at the hump, then

(Y
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R
K, = =B —— i (3)
§ 8 W (VH\)
: '\VG/
where Vg 1is the speed et the hump.
The eccelerating force in the first stage 1s
E._]'__.E.];. E&._EQ._(I{ E.Q..;.k\l. (4)
v W w W N W %, Va
Thisg force produces an aqceleration
F T T v
1 o 0
&, € g g [W < 1y 2 VG]
The distance required to accelerate from V = O to T =
Vg is given by the integral -
E
S = ¥4y o (8)
a3
5
or by substitution of egquation (5) for a,
Vg
To X :
g5, P G G (7)
5 =
W S L I T
-2 . (x + kg - -
° W Py Ve
On integration this givés:
- ZE> Io T To
g5, _ Ve + v log LS ]
Ve Io k. 2o Y Io Io ""H'i
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The time required to accelerate from V =0 to V =-Zﬂ
is given by the integral .= . - . .

i~
t-l =/ : ﬁ (9)
“ ai

or by substitution of-the value of a, from equation (5)
y av

- 2L
ghy _ & (10)

Vg J m s v
o 2 -(m R rm) g
{:« 2/‘},‘ A [,-1 (B S kW ‘ ;
gjuintegration this ives
Lo

ot . W
i L log (11)

Vo ™ T Ty V.
(o $rx)  |F-(0F+=)d

In the second stage, above the hump, the variation of
thrust Tp/W will be given by equation (1). The resist-
ance will be given by

R, R ( 7
2 _ fo - L 12
= + (1~ ks ¥ (12)

where Ry/W is a fictitious zero~spoed resistance obtained
by extrapolation of the resistance gcurve back to zoro speed.
The value of R,/¥W may be obtained. directly from the hump
resistance Ry/W and the final or take~off resistance

Rp/W. Prom similar triangles

v
R R R R Tn
o _ TE (*g e A R (13)
W W W W : VH
]_....-
Ve

The constant ks is given by ki, =1(Ro -~ Ry)/RB,.

The accelerating force Ty in the second stage is
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F T, 'R, ,T_ - R o R\ V
a _ &8 _ B _ (o _ _2) - (k 9 .1 _Q> — 14
W T W W <w W/ S ® w/ Vg ( )_

and the corresvonding acceleration is

aa:%%_;ﬂ'g[.(_~—_) ( —‘%-ksg‘;?-)%:! (15)

The digstance rTequired to accelerate from hump speed
to toke—off gpveed is given Dby the 1ntegral o T

.v.
g G. -
. ag . - : :

or by substitution of the value of a, from equation (15)

: J 4av
ess _ [ "o Te - (1)
v J (T R T R) v
o L Zo) o . So) o
VE W w) <k1 A N VAT
G .
which gives
=" —
g5, _ ~ Vs
Va2 T 7
(o 3 - % F)
E-%) G-3)-bF-s3)
- lo L L (18)

177 = m
_9.._.9_)_<k o . _..> h
(w W YR Jg_[

The time required to accelerate from hump speed to
take-off speed is given Dy the integral _ I

tg'=/ av | o (19)
= ' &g ' '
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subsgtitution of the values of az from equation (15) and
converting to ratio form gives

. : ﬂ’)
£ v
g =/ ;GT _ (20)

Ve Vg (Eg_?ig_<l_g~k3?l>_‘_’-
Vo W W W W/ Vg
and on integration
(?.9~39.> (k To L 4 50_> |
gta 1 1o W W/ 1w 3 W
Ve (x Eg“kﬁg (Ep_ E_«;) (k.”fe..k Bo\ JE
1y 3§ Ty 1y 3§ 2
(e1)

These equations are.less formidable than their
appearance would indicate, and they are readily applied A
to a systematic series as will be shown later. Equations
(18) and (21) become indeterminate when the accelerating
force 1g constant, and in this cage 1% 1s necessary to use

supplementary equations. When the accelerating force 1lsg
a

constani’ S = %E’ hence

2 =3
8, = LA v (e2)

2aq 5 F,
e ()
W onst

Introducing ratlos and taking that part of Sz; between
Va/Ve and unity gives

)
1 -
&5p _ G

2 =
VG_ 5 <F2\
W
‘const

(23)

In a gimilar mannetlwhen the accelserating force is constanﬁ)
t o= ' '

: hence

o [«

v R L4
tB = —— = v (245) .

gz o (E’.a.)
v const
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Introducing ratios and taking the time interval between
Ve/Ve and unity gives

v
gty _ t- <v§> (25)
T3, :

consgst

DEVELCPMENT OF TAXKE-CFF CHARTS

Equations (8), (11), (18), and (21) have been applied
to a systematic series in whlch a wide range of values
were assigned to the basic variables (To/W), (Fg/W), and

(Fg/W). The results are given in condensed form for Vg =
0.40 Vg in tables I and II. Similar values were obtalned
for, Vg = 04323 Vg and Vg = 0,50 Vg ©but these data are

used only in the determination of correction factors for
VHJ ag will Dbe indicated latex.

The exvressions (gS;; /Ve®) appearing in equation (8)
and (gty/Vg) appearing in equation (11) are nondimen-
sional distance and time integrals, respectlvely. " DThese
nay be plotted as functions of the specific static thrust
(TO/W) and the specific excess thrust or accelsrating

force at the hump (Fg/W), as in figures 3 and 4, using
the data from table I. In a similgr meanner, the'dlstance'
and %ime integrals for the second stage (g5,/Vg®) and
(gte/vg) may be plotted as functions of the speciflic ox-
cess thrust at the hump (Fg/W) and the specific excsss -
.thrust at take-off (Fp/W), as in figures 5 and 6, using
the data from table II. As a matter of convenisncse, thé

normally used portions of figures & and 6 have been re-
Dlotted to an -enlarged scale in figures 7 and 8.

Figureg 3 to 8 1nclu31ye arec baged on VH = 04,40 VgQ
The correction factors for any other value 6f Vg have
been determined and arc plotted on fig gures 9 and lO.

—— —— L v, = e

Tho total distance run during take- off ig S = Sl +_
a ©or, in general fornm, o : -

gS gsl> gsz>
= 2L - 26
e ksl e + ksa T2 (26)

S
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where kg  and kg, are the correction factors for actu-

2l humn-speed ratio given on figufes 9 and 10.

The total time required for the take-off ig t = %, +
t; or, in general form, '

gt Y gt,
— =k, G) + k) (522) (27

where kg, and ky, are the corrcction factorse for ac-

tual hump-gspeed ratio given on figure 9.

It ig of interest to note that the factors ktl and
ktg aro linecar with the value of . VH. The factor ksl

varies as the square of the hump-speed ratio, but the Poc—
tor ksg obviougly depends on the slopo of the curve of

accelerating force betwecn the speeds Vg and Vg,
ACCURACY OF CHARTS IN TAKE-OFF ESTIMATION

Teble. III contains complete data used in applying the
curves of figures 3 to 10 to the approximation of take-
off distance and time for four flying boats for which
step~by-step integrations wers avallable. The maximun
difference between the two methods is lese than 3 percent,
which is probably within the accurgcy to which thrust end
resistance are knowh. It therefore appears that the
charts may be safely used in take-off estinmeotes when the
resistance curve can be represented by an approéximation of
the tyne shown on figure 1. This approximation is intend-
ed to give the same average accelerating force as the ac—
tual resistsnce curve in the second stage. This type of -
approximation is valid as long as the accelerating force
does not approach zero over an approciable portion of the
high-spoed range. When the lattor condition exists with
the actual distance greater than, say, 5,000 feet and
take~off time longer.than 60 seconds, the values will be
found rather sensitive to slight changes in the final re-
sistance. Investigation of geveral extreme cases has
shown that the error involved in the use of the charts may
run os high as 15 percent under conditions, however, that
are of little practical interest.
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PRACTICAL APPLICATION OF TAKXE-OFF CHARTS

It hes been shown that the curves of figures 3 to 10,
inclusive, are sufficiently accurate for the average take-
off estimate. Their greatest value, however, lies in ths
answer they provide to a number of guestions regarding the
effect of form of resistance curve on take-off charatter-
istics. Among those gquestions may be ligsted the follow='
ings - . ' R
a) Proportion of the total distance and time re-

gquired to-reach hump speed. :
b) Comparative effocts of a high and a lhw value
of hump speed. ’ :

c) Gomparative effects of. low accelerating force'at
hunmp spced and at take-off.

d) Limits on accelerating force for specified take-
off performance.

The answers to these quostions serve to indicatse the
gencral hull characteristics reguired to meet different '
design conditions. )

DISTANCE AND TIME TO ATTAIN EUMP SPEED

It is & matter of considerable interest, and occa-
gsionally of importance, %o know what percentage of the
takewoff digtance and time arc required to attain hump
speed. Thc ratie desired aroc simply §; /S and t./%,

and these may readily be obtained from the distance and
time integrals in tables I and II. TFigures 11 and 12 give
8, /S aad %/t in terms of the accelerating force at

take=o0ff. The value of the statlic thrust haéqﬁomparatively

- & snmall effect as indicated by the three curves on each

figurc. The value of %the accelerating force at the hump
likewisc has a very small effect, The ratios are prac-
tically determined by the take-off accelerating force )
only. For an average flying boat the hump speed is at-
tained after about 10 porcent of the tofal run requirlng
approximately 20 nercent of tho total taLe~off timo.

e —— - &
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EFFECT OF LOCATION OF HUMP SPEED

It seems logical to expect that the relative value of
the hump speed in terms of the get-away speed must have an
appreciable effect on the take—off., If the hump speed ls

.low, the wilng 1ift will also be low and the water resist-

ance will tend to bs high. If_ the hump speed isg highythe
wings will be developing an appreciable -1ift and the water
reslistance will tend to be low. Since, in general, load
can be carried more efficiently by the wings than by ‘the
dynamic action on the hull, it follows that there 1s some
reason for favoring a high hump speed. However, this ef-
fect is not sufficiently great Yo be a determinming factor.
Its influence may be secondary to the_slope of thrust
againgt speed. If the thrust decreases with speed, a low
hump speed means more thrust available for overwoming re-
slstance and, conversely, a high hump speed means less
thrust available. If the thrust increases with spred it
appears that a high hump speed is decidedly preferable.

The . general gquestion of the effect of hump speed on
take-off involves tco many factors for a simple answer.
It is possible, however, to obtain some indication of the
type of variation to be expected. Values of the take—
off integrals have been determined . for a systematic serios
of values of static thrust T,/W, accelerating force at

the hump Fg/W, and final accelerating force at take-off
FF/W. The final accelerating force appears to be the most
important variable, very little variation being obtained

by changes in TO/W and FH/W. The curves of relatlve

distance and time given on figures 13 and 14 for %Q = 042b
and 7? = 0,04 are typical of the ontire series. These .- -~

indicate that under the assumed. conitiong the relative

location of the hump speed is not highly important dut .
that the general tendency is to show slightly morc favora-
ble results for high hump speeds.

SLOPE OF ACCELERATING FORCE AT PLANING SPEEDS

Some of—the hull characteristics that tend to give
low hump resistance, for example, a shallow step, may have
an adverge effect on planing speeds. I% is often possibdle
by making such changes to alter the shape of the planing
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resistance curve very materially, with a corresponding ef-
fect on the curve of accelerating force at planing speesds.
The question 1s simply what type of accelerating force
curve is most desirable. 4An approach to the answer to

- this question is obtained by comparing the take-off inte-
grals for selected values of Fg/W, and Fyp/W, first in

a glven order and then’inyerted. For exsample, using data
fron table II, when: %F = 0,02 and %; = 0.04, the value = '

of £S5/Vg® is 13.84, and the value of gt,/Vg 1s 20.79.
If the.accelerating force -values are interchanged to

- = 0.04 . and i% = 0.02, the value of &S,/Vg8 is
. 15.27, and the value of gt/Vg is 20.79. The time inte-~
gral is unchanged because the average accelerating force

remnins constant, but the distance integral is always in-
creased when the accelerating force at the hump is in-

creased.at the expense of the accelerating force at take-
off. "

The comparison outlined above has been made for a se-
ries of force values and the results are given An figure
15, which indicates the d031rabillty of securing low ré—
sistance at high gpeeds whenever take-off digtance is a
consideration. '

ACCELERATING FORCE REQUIRED TO MEET

SPECIFIED PZEFORMANGE

One of the normal roquirements in flying-boat perform-
ance 1s that the %tako-off be accomplished in a specified
time. Since the get-away speed is known, the required
value of gt/Vc is known, and the values of the acceler-
ating forces Py and Fp may readily be determined by the
use of the speclal plotting on figure 16. The confours on
this figure are prepared by assuming a series of values of
To/¥ and Fg/W, thus determining the 'value of gt,/Vg.
Thus, for any assumed value of gt/Vg, the value of
g£t,/Ve is known and the valuc of Fp/¥ mnay be determined
for the corresponding Fg/W on figure 8. —

As shown by the dotted curves on flgure 16, variation
in gtotic thrust has very little effect on accelerating
foreces required.
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The use of figure 16 may be illustrated by a numeri-—
cal example. If the take-off time is not to exceed 60
seconds, with a get-away specd of. 120 feet per second, the
time integral must not exceed

gt _ 32,2 x 60
Vg 120 A6l

This integral is satisfied by the following combina-
tiong! R

Fg/VW 0,01 0,02 0,04  0.047 0,08 0,16
Fgp/W 0.166 0.106 0,055 0,047 . 0,022 0,004

An estimate of the probable value of Fy/W determines the
carresponding required value of -FH/W Since the thrust

eurve may be assumed as known, the maximum acceptance Tro-
sistance is also known by differences.

CONCLUS IONS

Thae conclusions indicated by this study are as fol-
lows:

1. The resistance curve for a flying boat may, in
general, be satisfactorily approximated by
two gtraight lines.

2. A graphical solution of the equnations basged on
the linear approximation gives esatisfactory
agreement with step—-by-setep integratlon.

Z2« The relative distance and time required to reach
nump speed depend largely on the value of the
accelerating force at high sgpeedsg; the effeoct
of wvariation in static thrust is small and the
effect of variation in accelerating farce at
the hump 1s negligible.

4, HNeglecting any effects due %to variation 1n thrust
with speed&, the effect .of a reasonable veria-
tion in the actual humy speed 1g negligible
except for very heavily loaded seaplanes.
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5. Where take-off distance is a consideration, it
may be advisable to. accept a high hump resist-
ance in order to obtain low planing resigt-

ance.

the average accelerating force.

6« The take-off charts may be employed to determine
the accelerating forces required to meet spec-—
ified take-off performance.
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TABLE I
Distance and Time Integrals between V, and Vg
Excess Excess
Static]thrust|{Distance Timse Static| thrust|{DPistance|Time
thrust at integraliintegral thrust at integral{inte-
hunmp hump gral
Eg FE gsl gtl To fg gsl gtl
W W Ve Vo w v Vg Ve
0.15 }0,005 2,78 9,38 0.30 }0,005 1,72 | 5,55
.01 2,17 7,74 .01 1.39 | 4,69
.02 1.63 6.20 .02 1,09 3,87
.04 l1.17 4,81 « 04 .82 411
.08 .79 3.59 .08 .58 2440
; N «1l6 .40 1l.80
0.20 |0,005 2,28 7.57 .24 31 1,49
.01 1,81 6,31
02 1,38 5,12 0.,40 (0,005 1,39 4,44
.04 1,01 4,02 .01 l1.14 3.78
.08 .70 %.05 .02 .91 | 3.15
«16 4B 2.23 .04 «69 2.56
.08 .51 | 2,01
0.25 0,005 1,95 6439 .16 .35 1,53
.01 1,57 5,36 .24 .28 1,28
+02 1.21 4,39
04 90 2,49
+08 « 64 2.68
e 16 &3 1.98
24 « B33 l.63
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TABLE II
Distance and Time Integrals between Hump
and Get-Away Speeds
Vg = 0.40,Vg
Thrust Phrust

Excess at Distance Time Excess at Digtance| Time
at get- jintegral}integral || at get- |integraljinte-
hump away hump awvay gral

_E_‘_E E &5, g8ty Fg Ty &5 g%a

____a_ e et el —_—

v w VS Vg ¥ w Ve Ve
0.01 0,01 42,00 60.00 0.08 0,01 14.21 (17,82
.02 27.68 41.59 .02 10.64 13,86
.04 | 17,85 27,73 .04 7.64 {10,40
«08 10,74 17,82 .08 5.25 7.50
.16 6439 11,09 .18 3.46 5.20
24 4,686 8.29 24 2.66 4.12

0.,02 | 0.01 | 30,54 41.59 0.16 | 0.01 9.13 (11,09
.02 21,00 30,00 .02 7.10 8,91
.04 | 13,84 20,79 .04 5.%32 | 6,93
.08 8477 13,86 .08 3,82 5,20
<16 5437 8.91 «18 2.62 3.75
« 24 %.97 6,78 24 2.07 3,04
0.04 | 0,01 | 21.27 27.73 0.24 | 0.01 6.94 | 8429
,02 | 15,27 20,79 .02 5,51 | 6,78
.04 10.50 15,00 .04 4,22 5,38
«08 6.92 10.40 .08 3,11 4,12
.16 4,39 6.93 s 16 2.19 3,04
«24 2,31 5.38 .24 1,75 2.50
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TABLE III
Comparison of Take-Off Distance and Time Obtained by
Charts and by Step-br-Step Calculations o

N.4.C+A. model ¥o. D11 11-a 22 26
Data from T.NK. ¥No,. 464 486 4838 512
¥ 1b 15000} 15000 | 15000 | 34000
T, 1b 4000| 4200 ] 4000 | 9800
Tz 1b. 3700| 3700} 3800 8600
Rg 1b. 3050 2600 | 2900 { 6000
Fg = Iy - Ry 1b. % 650 | 1100 go0 | 2600
Ty 1bd. 3100| 3050 | 3100} 6400
Ry 1be 2150 | 2150 | 1500 | 4400
Fg = Ty - Ry 1b. 250 900 | 1600 | 2000
To/W 0.267| 0.280 | 0.267 | 0.288
Fg/W <043 073 | .060 | .076
Fp/W .06%| .080 | .106]| .059
Hump speed Vg ft./sec. 37 37 27 43
Get~away speed Vg ft./sec. 106 ios 106 124
Va/ Ve - .35 .35 | ,255 | .346
(g5,/V¢" ) for Vg = 0.40 Vg 0.85| 0.65| 0.724| o0.64
ksl from figure 9 A +77 +40 +75
(gs,/Vg%) .65 50 .30 .48
(g5,/Vg) for Vg = 0.40 Vg 7.80f 6.40 | 5.15 | 6.40
'ksa from figure 10 1.04 1,05 1.10 1,05
(g8, /Vg2) 8.1l 6:72| 5.66 | 6.72
g8/ vg? 8.76| 7.22| 5.96 | 7,20
S from sharts 3060| 2520 | 2030 | 3440
S from calculation in reference 3120 2570 2090 3500
(g%,/Vg) for Vg = 0.40 Vg 3.20} R2.80| 3.,00| 2.80
ktl from figure 9 i 88 : 88 64 i 87
(gt,/Vg) 2.82 2.29 1.92 2.26
(gt,/Vg) for Vg = 0.40 Vg 11.%0) 9.00} 7.50[ 8.90
kta from figure 9 . 1.08 1.08 1.24 1.09
(gt,/Vg) 12.20) 9.72| 9:30| 9.70
gt/ Ve 15.02| 12,01 | 11,22 | 11,96
t from charis _ _ 49.3 39 .4 37.0 46,00

t by calculation in referencs 50.0 39.6 | 36.8

46.00
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